Context. We present a grid of computed non-local thermodynamic equilibrium (NLTE) equivalent widths (EW) and NLTE abundance corrections for four Ba ii lines: 4554, 5853, 6141, and 6496 Å. Aims. The grid can be useful in deriving the NLTE barium abundance in stars having parameters in the following ranges: effective temperature from 4000 K to 6500 K, surface gravity log g from 0 to 5, microturbulent velocity 0 km s −1 to 3 km s −1 , metallicity [Fe/H] from -2 to +0.5, and [Ba/Fe] from -0.4 to +0.6. The NLTE abundance can be either derived by EW interpolation (using the observed Ba ii line EW) or by using the NLTE correction applied to a previously determined LTE abundance. Methods. Ba ii line equivalent widths and the NLTE corrections were calculated using the updated MULTI code and the Ba ii atomic model that was previously applied to determine the NLTE barium abundance in different types of stars. Results. The grid is available on-line through the web, and we find that the grid Ba NLTE corrections are almost as accurate as direct NLTE profile fitting (to within 0.05-0.08 dex). For the weakest Ba ii line (5853 Å) the LTE abundances almost agree with the NLTE abundances, whereas the other three Ba ii lines, 4554, 6141, and 6496 Å, need NLTE corrections even at the highest metallicities tested here. The 4554 Å line is extremely strong and should not be used for abundance analysis above [Fe/H]=−1. Furthermore, we tested the impact of different model atmospheres and spectrum synthesis codes and found average differences of 0.06 dex and 0.09 dex, respectively, for all four lines. At these metallicities we find an average ∆NLTE of ±0.1 dex for the three useful Ba lines for subsolar cool dwarfs.
Introduction
Barium is one of the chemical elements that attracts close attention of the specialists working in the field of the Galactic chemical evolution. This element is mainly produced by the s-process in low-mass AGB stars (e.g., Busso et al. 1999; Cristallo et al. 2011; Bisterzo et al. 2010; Karakas & Lattanzio 2014) . It serves as a reference element in an estimation of the relative efficiency of the s-and r-process nucleosyntheses (see e.g. Christlieb et al. 2004; Hansen et al. 2012) .
Usually, the four strongest lines of ionized barium in the visual part of the spectrum are studied. They are located at 4554, 5853, 6141, and 6496 Å. These lines can be quite strong in the spectra of solar metallicity stars, and therefore they require the NLTE consideration. On the other hand, in metal-poor stars they can have much smaller equivalent widths, which may seem to be appropriate for the LTE analysis from an equivalent width perspective. Nevertheless, in such stars the concentration of free electrons in the atmosphere is decreased, which causes a significant deviation from LTE. To derive the correct barium abun-dance in stars of different metallicities, one therefore needs to perform either the direct barium line profile fitting (the NLTE synthetic spectrum technique, which is the best way), or to take into account the calculated NLTE corrections in an LTE analysis (the less reliable way). Despite the lower reliability, the second approach can be very effective for estimating the barium abundances in large samples of stars.
This paper presents a grid of NLTE barium line equivalent widths and NLTE corrections in cool stars that can be used for the barium abundance estimate. The method of the NLTE calculations is described in the next section.
Ba ii atomic model and NLTE calculations
Our Ba ii atomic model was first described among other things in Andrievsky et al. (2009) , where it was applied to investigate a sample of very metal-poor Galactic halo stars (cool dwarfs and giants). It was later used to study Galactic thick-and thin-disc intermediate-to-cool dwarfs of different metallicities , Korotin et al. 2011 , Mishenina et al. 2012 , Mishenina et al. 2013c ), large proper motion metal-deficient G-K stars (Klochkova et al. 2011a,b) , red giants in the globular cluster NGC 6752 (Dobrovolskas et al. Article number, page 1 of 9 A&A proofs: manuscript no. Ba , Thygesen et al. 2014 , red giants of the globular clusters M 10 and M 71 (Mishenina et al. 2009 ), cool semiregular variable giants of the SRd type (Britavskiy et al. 2010 (Britavskiy et al. , 2012 , RR Lyr-type stars , Hansen et al. 2011 ), intermediate-to-cool dwarfs in open clusters (D'Orazi et al. 2012 , Mishenina et al. 2013a ,b, 2014a , and intermediate-tocool supergiant stars of nearly solar metallicity in the Galactic thin-disc stars (Andrievsky et al. 2013 (Andrievsky et al. , 2014 .
Below we briefly describe our model of the barium atom. It consists of 31 levels of Ba i, 73 levels of Ba ii, and the ground level of Ba iii. Ninety-one bound-bound transitions between the first 28 levels of Ba ii (n < 12 and l < 5) are computed in detail. Populations of the remaining levels are used to conserve the particle number. For two levels, 5d 2 D and 6p 2 P 0 , the fine structure is taken into account. The information about the adopted oscillator strengths, photoionization cross-sections, collisional rates, and broadening parameters can be found in Andrievsky et al. (2009) . Atomic level populations were determined using the MULTI code of Carlsson (1986) with modifications as given in Korotin et al. (1999) . The MULTI code calculates the line profile for each line that is considered in detail. The line profiles are computed assuming NLTE approximation and depend upon many parameters: the effective temperature of the model, the surface gravity, the microturbulent velocity, and the line damping, as well as the populations of the relevant levels.
The barium atom has seven isotopes. For the two odd isotopes 135 Ba and 137 Ba the hyper-fine structure is important. This effect is most pronounced for the Ba ii lines 4554 and 6496 Å. As was shown by Mashonkina et al. (1999) for adequate barium line modelling, it is sufficient to use the three-component model suggested by Rutten (1978) . To calculate the Ba line profiles in the spectra of young stars, the even-to-odd abundance ratio of 82:18 can be used as a rule (Cameron 1982) , and for the very old stars the ratio is 50:50. For our grid we used the ratio 82:18.
All the atmosphere models used for the grid of NLTE equivalent widths and correction calculations were interpolated basing on the ATLAS9 model atmosphere grid of Castelli & Kurucz (2003) .
Grid of the NLTE equivalent widths and corrections
The following stellar parameter ranges are covered by our grid, which focuses on more metal-rich stars (compared to the very metal-poor and extremely metal-poor stas) that are typically targeted in current and future surveys: -effective temperature: 4000 -6500* K, step = 250 K; -surface gravity: 0 -5, step = 0.5 -microturbulent velocity: 0 -3 km s For the models with [Fe/H] below -1.00 we calculated NLTE equivalent widths with an increased atmosphere abundance of α-elements (α/Fe] = +0.4), while for a metallicity of -0.5 both cases (solar alpha-element abundance and an increased one) were considered. The asterisk indicates that at this temperature we do not have NLTE calculations for log g = 0, since there is no existing model atmosphere for this combination of stellar parameters.
The NLTE equivalent widths of the four barium lines were calculated: 4554, 5853, 6141, and 6496 Å. The corresponding parameters of these lines are given in Table 1 . The grid is also available at the web-site http://nlte.obspm.fr together with an interpolation program. The latter enables deriving the absolute barium abundances, namely 12.00 + log ǫ(Ba), by inserting the stellar atmosphere parameters, specifying the line of interest, and its measured equivalent width. If a star has a very anomalous strength of a barium line for the adopted parameters, that is, an anomalous barium abundance that is either lower than [Ba/Fe] = -0.4, or higher than [Ba/Fe] = +0.6, then the program gives a notification that the expected barium abundance is out of the grid range. In this case, the better way to derive the barium abundance is to apply a direct profile-fitting procedure.
Comparing NLTE abundances based on the grid and profile fitting
The most reliable way to derive the NLTE abundance from a given line is to compute an NLTE profile synthesis and fit the observed profile. Nevertheless, this procedure may become complicated when a large amount of stars are to be investigated. A faster, and therefore more efficient, method for analysing large samples of stars is to determine the NLTE abundances by interpolating within a grid of NLTE equivalent widths. Such a grid was presented in Sect. 3. Below we give the results of our grid tests and show which differences between the profile-based and grid-based NLTE abundances can be expected for the stars with different sets of atmosphere parameters and different barium lines.
We have selected eight test stars (see Table 2 ). The spectra of HD stars and their atmospheric parameters are described in Jofre et al. (2014) . Similar data for VW Dra can be found in Britavskiy et al. (2012) . For these stars we performed the direct NLTE synthesis of the barium line profiles (an example for one star is shown in Fig. 1 ), and then, using the measured equivalent widths and corresponding atmospheric parameters, we derived the grid-based NLTE barium abundances. The results are presented in Table 2 Fig. 1. Best NLTE fits for the barium line profiles in the spectrum of HD010700. Dots denote the observed spectrum, the continuous line the calculated spectrum. The absolute NLTE barium abundances (i.e. log ǫ(Ba) + 12.00) derived from individual lines are indicated in each plot. stars). In the measurements we therefore underestimate its equivalent widths (far wings are missed). As a result, our grid-based NLTE abundances appear to be systematically lower than abundances derived from the direct profile synthesis. This means that the 4554 Å line has to be excluded from the consideration because it is not appropriate for the grid-based abundance determination (there is the same systematic trend for other lines, although of lesser magnitude). However, this is not a great loss for the future studies in the context of the Gaia-ESO Survey (Gilmore et al. 2012) , for example, since this line is not covered by the standard survey wavelength setup, and excluding this line will therefore not have a negative impact on the final Ba abundance. Furthermore, the difference between the direct NLTE line profile fitting and the NLTE grid-based abundances for the 4554 Å line can be as large as ±0.46 dex (on average ±0.29 dex). This is larger than the desired abundance uncertainties. This implies that the 4554 Å line should indeed not be used for accurate abundance measurements in more metal-rich stars ([Fe/H] > ∼ −1). Nevertheless, in faint star spectra that have a low S/N ratio, only a handful of strong lines are measurable. In this case, even the 4554 Å line may provide (with a corresponding correction) some rough estimate of the barium content.
The situation with the other three lines is much more promising. These lines are not too strong, even in the spectra of stars with solar metallicity. In particular, they are weak enough in the metal-poor stars, and this guarantees quite reliable results on barium NLTE abundances derived from the grid. We find an average difference of < ±0.05, 0.05, 0.08 dex for the 5853, 6141, and 6496 Å line, respectively, between the NLTE profile fitting and the grid Ba abundances. This small difference confirms that the grid abundances are very accurate for these three lines.
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LTE versus NLTE abundances
Here we present the results of an independent LTE analysis with an NLTE analysis based on a combined use of MULTI and AT-LAS9 for the seven stellar spectra described in the previous section. For comparison, the LTE abundances were derived using interpolated MARCS model atmospheres (Gustafsson et al. 2008 ) and the MOOG spectrum synthesis code (Sneden 1973 (Sneden , version 2014 ). As mentioned above, the stellar parameters and v sini were adopted from Jofre et al. (2014) , and the solar Ba abundance of 2.17 (our NLTE value) was used for this study. The line list compiled for the LTE analysis consists of Ba data from Gallagher et al. (2012) , molecular data from Sneden et al. (2014) , and most of the remaining atomic data were adopted from the Kurucz database 1 . All LTE abundances were determined using line synthesis and the interactive minimum χ 2 technique in MOOG. The stellar rotation and LTE abundances are listed in Table 3. 1 http://kurucz.harvard.edu/linelists.html Overall, the LTE and NLTE abundances agree within ≈ 0.1 dex for these stars (dwarfs and giants of around solar metallicity). The 6496 Å line yields fairly consistent abundances in both LTE and NLTE, when the metallicity is subsolar. Above solar metallicity, larger deviations can occur. The largest difference between the LTE and NLTE abundances is found for the Ba ii line at 6141 Å, which is a blended line (see Fig. 3) .
A Fe i line blends into the core of this Ba line. Different values for the log g f of the blending Fe i line translates into small changes in the Ba abundance of the 6141 Å line, and by increasing the log g f of the Fe line by 0.15 dex, the Ba abundance is reduced by 0.02 dex. As seen from Figs. 1-2, we obtain good fits for the 6141 Ba line using the NLTE grid. The smallest difference between the LTE and NLTE abundances is found for the weakest Ba line, which is the 5853 Å line (see Fig. 4 ). The blue 4554 Å line is saturated or even damped for most of these metalrich stars and can be affected by uncertainties in the continuum placement (of the order of 0.03 to 0.07 dex in the final Ba abundance). placement is smaller (±0.01 − 0.03 dex) in these high-quality spectra.
The aforementioned differences in Ba abundance obtained independently using MULTI and ATLAS9 models versus MOOG and MARCS hide differences in the synthetic spectrum code, model atmosphere, atomic data, and continuum placement. Therefore, it is not the best ground to compare the LTE and NLTE abundances to assess the size of the ∆NLTE (NLTE−LTE abundance). However, the comparison gives a feeling for how abundance results of two independent studies obtained using completely different tools and methods -only sharing the same high-resolution spectra -can differ. To determine which fraction of the reported ≈ 0.1 dex in Ba abundance is found between MULTI+ATLAS9 and MOOG+MARCS, we analysed the same star using MOOG+ATLAS9 to assess the abundance difference originating on one hand in the differing model atmospheres and on the other hand in the codes. The average [Ba/Fe] difference between using MOOG+MARCS and MOOG+ATLAS9 is 0.06 dex for all four lines, and the largest difference is found for the 4554 Å line. Meanwhile, the difference in codes result in an average difference of 0.09 dex for all four lines. By adding these values in quadrature, obtain a total abundance difference of 0.11 dex, which agrees with the aforementioned difference. We note that differences in the continuum placement were not taken into account, and the individual (atmosphere vs code) differences may therefore only be ≈ 0.05 dex.
The determined LTE barium abundances can be corrected using our NLTE corrections listed in the grid. In Figs. 5 -8 we show how these corrections depend upon the effective temperature, gravity, metallicity, and relative barium-to-iron abundance. An idea on how the corrections depend on the microturbulent velocity can be obtained by comparing Figs. 6 and 8.
All these figures can give a preliminary idea about the necessity to apply corrections for a given range of the stellar fundamental parameters.
Conclusion
Barium is a key element in the context of stellar evolution and Galactic chemical evolution. The determination of its abundance has implications on the evolution of AGB stars, on the origin of heavy elements in globular clusters, on the role of spinstars, and on supernovae ejecta. Therefore, it is important to derive its abundance in stars in a reliable way that is based on the modern NLTE approach.
We presented a grid of NLTE equivalent widths of the Ba ii lines 4554, 5853, 6141, and 6496 Å that is intended for the barium abundance determination in cool dwarf, giant, and supergiant stars of metallicities from -2.0 to +0.5. The bluest 4554 Å line is hard to fit in LTE, and the NLTE grid-abundance for this line deviates by up to 0.46 dex compared to its NLTE profile fitting. Our tests showed that this line is not suitable for accurate abundance analyses in stars with metallicities higher than [Fe/H]= −1. By comparing LTE and NLTE abundances, it can be seen that the LTE fits for the weaker 5853 Å line tend to yield LTE abundances close to the NLTE ones, and that the difference between the LTE and NLTE abundance for three red Ba lines is on average ±0.1 dex. However, in several cases, even at the higher metallicities, the ∆NLTE is larger than this value, and NLTE corrections should be applied. Such corrections are also included in the grid. We showed that the most reliable NLTE grid-based barium abundances can be derived using the equivalent widths of three lines: 5853, 6141, and 6496 Å . We plan to use this grid in the Gaia-ESO spectroscopic survey. However, it can generally also be used by spetroscopists working with elemental abundance analysis, no matter how large the samples are that they work with.
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